compounds to absorb green light (at around 520 nm), which has generally been attributed to 60 the resonant structure of the flavylium cation (Allen, 1998; Castañeda-Ovando, et al., 2009) . 61
This was confirmed by quantum chemistry calculations, showing a highly delocalized π-62 conjugated system, spread over the entire molecule (Di Meo, Sancho Garcia, Dangles & 63 Trouillas, 2012 ). This extended π-conjugation allows light absorption in the visible range 64 rather than the violet to ultraviolet regions as it is described and theoretically rationalized for 65 most of the other natural polyphenols (Anouar, Gierschner, Duroux & Trouillas, 2012) . 66
A thorough understanding of optical properties and pigmentation variation has become crucial 67 in various domains including food and wine chemistry. We believe that in a near future 68 fundamental rationalization of grape pigments should become mandatory to supporting the 69 development of fast and non-invasive phenotyping strategies (Rustioni, Basilico, Fiori, Leoni, 70
Maghradze & Failla, 2013). In grapes and wines, five anthocyanidin moieties are present in 71 their glucosylated form, namely peonidin, cyanidin, malvidin, petunidin and delphinidin (Fig.  72   1a) . The most common anthocyanin in Vitis vinifera L. (i.e., the common wine grape specie) 73 is malvidin-3-O-glucoside (Kennedy, Saucier & Glories, 2006) . There also exist anthocyanins 74 having their glucose moiety attached to a carboxylic acid (acetic, p-coumaric and caffeic acids 75 in Vitis vinifera L.) by an ester bond, giving rise to a group of acylated pigments (Fig. 1b ) 76 (Allen, 1998 ). In the latter structures, intra-molecular copigmentation effects have been 77 suggested (Dangles, Saito & Brouillard, 1993 understanding of the optical variability of these compounds is still missing. Quantum 85 chemistry calculation is an adapted tool for investigation of these properties. In particular time 86 dependent density functional theory (TD-DFT) enables to accurately characterize excited 87 states and evaluate the subsequent absorption properties in the visible range. More than 88 providing accurate absorption wavelengths, TD-DFT calculations provide a complete 89 description of the excited states and thus allow full assignment of electronic transitions from 90 the π to π* molecular orbitals (MO) responsible for each UV/Vis absorption band. In this 91 way, the method supports the tuning of pigmentation in various industrial applications e.g., 92 pigment painting and solar cells. Moreover the intra-molecular interactions suggested from 93 experience (Dangles, et al., 1993) can now be accurately evaluated by quantum calculations; 94 these interactions are known to be responsible for copigmentation, but the process was only 95 recently fully understood using dispersion-corrected DFT (DFT-D) calculations (Di Meo, et 96 al., 2012) . 97
The present work aims at rationalizing the differences in the absorption spectra between a 98 series of grape anthocyanins, which has not been performed yet for these compounds. The 99 series studied here is constituted of five glucosylated (compounds 1-5 in Figure 1a ) and three 100 acylated anthocyanins (compounds 6-8 in Figure 1b ), which were investigated due to their 101 high occurrence in grape. This comprehensive study allows establishing a thorough structure-102 property relationship for grape anthocyanins. In addition and as a new insight, the 103 copigmentation effects are carefully rationalized for the acylated anthocyanins. 104
105

MATERIAL AND METHODS 106
Experimental data 107
The grape anthocyanin spectra were collected from our database of HPLC chromatograms 108 Vic, Australia). Peak identification was achieved using both the retention time and the LCMS 124 analysis as previously described (Rustioni, et al., 2012) . 125 and their glucoside derivatives (Fig. 1) . 153
Concerning the acylated derivatives, cofacial (non-covalent) intra-molecular interactions 154
were examined between the anthocyanidin and the phenolic acyl (i.e., p-coumaroyl and 155 caffeoyl) moieties. It is well described that classical hybrid functionals fail at describing these 156 non-covalent interactions, which are mainly dispersive effects (e.g., π-stacking, ν-π and long- text. Both molecular orbitals (MO) are delocalized over the whole anthocyanidin moiety (Fig.  205   3a&b ). This allows an efficient overlap between the two molecular orbitals involved in the 206 transition, which provides relatively high oscillator strengths (and therefore high absorption 207 intensities) for all five compounds (f around 0.60 as seen in Table 1 ). 208
The compounds having a tri-substituted B-ring (compounds 3-5), exhibit a (red)-209 bathochromic shift compared to the di-substituted (1 and 2) derivatives (Fig. 2a) . This is 210 attributed to the (+M) mesomeric effect that slightly but significantly extends π-conjugation (e.g., ΔE gap is 2.86 and 2.75 eV for 3 and 5, respectively, see S1).
218
The theoretical excited states of the aglycone counterpart of compounds 1-5 were also 219 evaluated for the sake of comparison. From this comparison, it appears that the sugar moiety 220 creates new MOs lying below H-4 (see Supplementary Information), which do not directly 221 influence the absorption spectra e.g., by the formation of new bands. However, the sugar 222 addition induces a slight increase of the H-L gap, due to both the stabilization of H and 223 destabilization of L. This is in agreement with experimental data, as it results in a significant 224 hypsochromic shift of Band I in the glucosides' spectra (e.g., λ max equal 527 and 536 nm for 225 compound 5 and its aglycone counterpart, respectively as seen in Fig. 2b ). This does not 226 influence the global spectra, which are similar in shape with both forms. 227
Molecular orbital rationalization of Band II -Band II appears in the experimental spectra 228 as a shoulder of the maximum absorption band, which is located at around 440 nm (Fig. 2a) . 229
It corresponds to the second excited state (S 2 ) and is mainly assigned to the H-1→L and H-230 2→L for di-substituted (i.e., compounds 1 and 2) and tri-substituted (i.e., compounds 3-5) 231 compounds, respectively (Table 1) . L being delocalized on the A and C rings, this shoulder 232 appears attributed to this moiety. A thorough analysis of the MO spatial distribution 233 highlights interconversion between both H-1 and H-2 for the di-and tri-substituted 234 compounds; that is, the spatial distribution of H-1 in the di-substituted compound is similar to 235 that of H-2 in the tri-substituted compound (Fig. 3a&b) . These MOs are delocalized over the 236 entire anthocyanidin moiety. Moreover, they exhibit the same energy (ca. -7.75 eV for all 237 compounds, as seen in Supplementary Information). For the tri-substituted compounds, H-1 238 is delocalized over the B-ring only. This MO slightly contributes to other excited states, 239 including S 1 (data not shown). 240
For the di-substituted compounds (1 and 2), there exists a specific absorption band, quoted 241
Band II b in Table 1 , which is absent in the experimental spectra of the tri-substituted 242 compounds (3, 4 and 5). Quantum chemistry calculations fully rationalize this experimentally 243 observed difference. Band II b is assigned to the H-2→L electronic transition. In the di-244 substituted compounds, H-2 is slightly delocalized on the A&C-rings (Fig. 3a) , allowing 245 electronic transitions with low oscillator strengths (f = 0.15 and 0.18 for 1 and 2, 246 respectively). In the tri-substituted compounds, due to the MO redistribution described above, 247 H-1 is almost fully delocalized on the B-ring, preventing this electronic transition involving 248 the A&C-rings. Moreover, in this case, the energetic difference between H-1 and L is 249 oscillator strengths compare to those of Band I, for all five compounds (f is ranging from 0.02 256 to 0.08, see Table 1 ). The (blue)hypsochromic shift experimentally observed from the tri-to 257 the di-substituted compounds (e.g., λ = 348 and 328 nm for 5 and 1, respectively, see Table   258 1) is rationalized by the influence of the sugar moiety, which surprisingly, but in full 259 agreement with the experimental data, borrows part of the H-4 orbital, in the di-substituted 260 compounds (Fig. 3a&b) . In this case the sugar moiety stabilizes H-4, thus increasing the 261 energy difference between H-4 and L, inducing the hypsochromic shift. This is probably only 262 an (energetic) indirect effect, as the electronic excitation does not involve the sugar moiety 263 (Fig. S2) . (compounds 6, 7 and 8, see Fig. 1 ) one, two (7A and 7B) and two (8A and 8B) conformers 271 were obtained, respectively (Fig. 4) . 272
For each possible conformer, the Boltzmann distribution percentages D Bolt were estimated 273 (Table 2) where R is the ideal gas constant and T equals 298 K. 277
The non-covalent intra-molecular interactions between the acyl and anthocyanidin moieties 278 play a crucial role in the stabilization of these conformers. A strong H-bond (distance lower 279 than 1.65 Å) between the 5-OH and the ester keto groups is observed in 6, 7B, 8A and 8B 280 (Fig. 4) . A weaker H-bond is observed between the 5-OH and the O atom involved in the 281 esterification (distance of 2.39 Å) for 7A. Other non-covalent interactions are observed in 7A, 282 7B and 8A (Fig. 4 ), namely i) one H-bonding between the 7-OH and the 4''-OH groups 283 (distance of 1.80 and 2.27 Å, respectively) for 7A and 7B, which is not present in compound 8 284 as 4''-OH is absent in this case, and ii) π-stacking interaction in 7B and 8A (distance of 4.20
Å). 286
The conformation populations of 7 and 8, show a predominance of 7A (D Bolt = 90%) and 287 8A (D Bolt = 83%) for both compounds, respectively. This clearly suggests that both H-bonding 288 and π-stacking interactions are the driving forces of this intra-molecular folding.
290
UV/Visible absorption spectra of 6, 7 and 8: a matter of intra-molecular copigmentation -291
When compared to the glycosilated malvidin (5), the experimental spectra of 6, 7 and 8 292 clearly show the influence of esterification, mainly in the presence of the phenolic acid moiety 293 (compounds 7 and 8). The three acylated anthocyanins exhibit an experimental bathochromic 294 shift of Band I that is lower for 6 (Δλmax around 2, 5 and 4 nm for 6, 7 and 8, respectively). 295
The bathochromic shift of Band I is mainly rationalized by π-stacking complexation. In 296 conformations 7B and 8A, the maximum absorption wavelength (related to Band I) and other 297 very close absorption wavelengths are assigned to the H→L and H-1→L electronic transitions 298 (Table 2a ). In all conformers, H and L are mainly delocalized on the anthocyanin moiety (Fig.  299 3c-f), and the electron transition presents no charge-transfer character. In the particular case of 300 conformers 7B and 8A, H is slightly located on the phenolic ring of the ester moiety (Fig.  301   3d&e ). This can be better evaluated by the LCAO (linear combination of atomic orbital) 302 coefficients, which reflect the atomic weight of a given MO. For H of 7B and 8A, these 303 coefficients are 13% and 21% on the acyl moiety, respectively (Table S2) which is highly delocalized over the phenolic ester moiety for all conformers of 7 and 8 (Fig.  309 3c-f). Therefore the H-1→L electronic transition exists only because of the formation of a 310 charge transfer excited state (CT-ES), inducing a global bathochromic shift attributed to 311 esterification. In conformers 7B and 8A, H-1 is also located on the anthocyanin moiety (the 312 LCAO coefficients of H are 57% and 49% on the anthocyanin moiety, for 7B and 8A, 313 respectively see Table S2 ), which increases the corresponding oscillator strength (Table 2) . 314
Compound 7 exhibits a slightly lower experimental bathochromic shift than 8 (Δλmax = 4 315 and 5 nm, for both compounds respectively, see Table 2a ). In contrast, the theoretical 316 bathochromic shift is higher with the former compound (7) i.e., 24.7 vs. 18.9 nm, for both 317 compounds respectively (Table 2a) . This is consistent with the higher electron donor capacity 318 of the ortho-dihydroxyphenyl (catechol) moiety. Thus the lower experimental bathochromic 319 shift observed for 7 is attributed to a lower population of the π-stacked conformation ( quoted Band III b , experimentally located at around 330 nm (Fig. 2c) , which is somehow a 326 modulation of Band III. This band is actually the sum of the minor anthocyanic absorption 327
Band III (Table 1 and Table 2b and Fig. 2c ). It is 331 theoretically assigned to several contributions predominantly H-1→L+1, H-4/5/6→L and 332 H→L+2 electronic transitions (Table 2b ). The first contribution is purely attributed to the 333 phenol acid moiety, both MO being delocalized on this moiety. These MO are stabilized in 334 the presence of the anthocyanin moiety, H being more stabilized than L, which should induce 335 a hypsochromic shift. The global bathochromic shift is due to the other two contributions. 336 Among these contributions, the H-4→L contribution corresponds to that already observed for 337 compound 5, as the main contribution of Band III. 338
339
CONCLUSION 340
Grapes and wines represent agricultural product of utmost importance in food industry. 341
The color of the final product is a major descriptor of quality. A deep understanding of the 342 optical properties of the main Vitis vinifera L. pigments represents an effective support for the 343 industries to address market requirements. This is mandatory to develop new analytical 344 methods based on the optical properties and to deeply understand fruit potential. As described 345 above, quantum chemistry calculations have allowed elucidating the structure (optical) 346
properties of a series of grape pigments. These calculations provide a molecular picture of the 347 pigments as well as a molecular orbital description of the excited states related to the different 348 absorption bands responsible for color. Subtle effects such as copigmentation can also be 349 
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